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It is shown that in nanoporous titanium dioxide films, sensitivity to atmospheric hydrogen ex-
posure and electroforming can coexist and are interdependent. The devices work as conventional
hydrogen sensors below a threshold electric field while above it, the well-known electroforming is
observed. Offering hydrogen in this regime accelerates the electroforming process, and in addition
to the usual reversible increase of the conductance in response to the hydrogen gas, an irreversible
conductance decrease is superimposed. The behavior is interpreted in terms of a phenomenological
model where current carrying, oxygen-deficient filaments with hydrogen-dependent conductivities
form inside the TiO2 matrix.
PACS numbers: 07.07.Df, 73.50.-h, 81.05.Rm
Titanium dioxide is one of the most intensely stud-
ied metal oxides in present research.[1, 2] Two important
properties of TiO2 are memristive behavior, also known
as electroforming, [3–6] and strong response to exposure
of various atmospheric gases.[2, 7–9] These effects have so
far been studied only independently of each other. An in-
terdependence would not only be of fundamental interest,
but may also become relevant for applications. For ex-
ample, electroforming may be one reason for drift effects
in gas sensors, or the coupling strength of an artificial
synapse [10] may be controllable by atmospheric addi-
tives. Here, we show that nanoporous titanium dioxide
films [11–13] show such an interdependence of hydrogen
incorporation and memristive effects.
A commercially available Ti foil (purity 99.6%) is an-
odically oxidized at room temperature in a solution of
75% H2SO4 in DI water kept below 30
◦C. The oxidation
voltage was increased in steps up to 150V.[14] This pro-
duces a nanoporous oxide layer of 5µm thickness, com-
posed of a mixture of mostly rutile with a small admix-
ture of anatase.[13] The oxide surface is coated with Pt
paste yielding a contact area of 12.5mm2 area. The sur-
face morphology before and after Pt coating is shown
in the inset of Fig. 1 (a). The sample is inserted in a
measurement chamber with controlled atmosphere and
initialized before each measurement sequence by expos-
ing it to dry air for one hour at T = 180 ◦C.[14] Mi-
croscopic studies on single crystalline TiO2(110) surfaces
indicate a complicated interplay between surface defects
and adsorbed O2. [15] In our system, exposure to O2
heals the point defects partially and leaves the sample
in a weakly reduced state, TiO2−δ. Afterwards, a volt-
∗Present address: Alexandru Ioan Cuza University, CARPATH,
Faculty of Physics, Blvd. Carol I, 11, 700506, Iasi, Romania
0
4
8
12
Time (min.)
a
 
V= 1 V
0
1
Voltage (V)
0.5
(a)
T= 25 °C
sweep rate: 100 mV/s
TiO2 Pt/TiO2
1µm
Pt     TiOx     Ti
V σ2 σ1
x
0 dxb
-10 0-5 5 10
0 16040 80 120
C
u
rr
en
t 
(µ
A
)
C
u
rr
en
t 
(µ
A
)
(b) V=1 V
H2 on
H2 off 
0 40 80 120 160
Time (min.)
1
0.1
c(H2)=15 ppm
C
u
rr
en
t 
(n
A
)
5
V
=
10
 V
(c)
1µm
V σ3 σ2
FIG. 1: (Color online). (a) IV - measurement for a voltage
loop in N2 atmosphere. The sweep direction is indicated by
the arrows. Inset: scanning electron microscope images of the
sample surface before (left) and after (right) coating with Pt.
(b) Time dependence of I at different voltages. Inset: sample
geometry within the single filament model. Phases 1 to 3 are
sketched before and after Imax has been reached. (c) Current
transients in response to H2 - pulses in N2 atmosphere for
V = 1V.
age of V = −30V is applied to the Pt electrode with
respect to the grounded Ti substrate for 12 hours, again
in dry air, which causes the drift of oxygen ions (O2−) to-
wards the Ti substrate,[16] and of the donor-type oxygen
vacancies [17] towards the Pt electrode. All subsequent
experiments are carried out at room temperature, in the
dark and in a nitrogen atmosphere (purity 99.999%), to
which molecular hydrogen gas (H2) is added via a gas
2flow controller after purging the lines to exclude contam-
ination effects.
The sample initialized this way shows the typical re-
sponse to atmospheric H2 [7, 11, 12, 18] as well as electro-
forming, as illustrated in Fig. 1. Current-voltage (IV ) -
loops from V = −10V to 10V and back are hysteretic,
see Fig. 1 (a), indicating electroforming. [19, 20] The
absence of a hysteresis for negative voltages is due to the
Pt/TiO2−δ Schottky barrier under reverse bias, which
decreases the electric field in the bulk. According to
the widely used model for electroforming in comparable
systems,[5, 6] filaments which predominantly carry the
current form inside a TiO2 matrix. They are composed
of a phase 1 of low conductivity σ1 (smaller δ), in series
with a phase 2 with σ2 > σ1 (larger δ), [3], see the inset
in Fig. 1 (b). After the IV loop, the phase boundary,
located at xb, thus resides close to the Pt electrode, and
the sample has a low conductance. Afterwards, we apply
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FIG. 2: (Color online). (a) I(t) for H2 pulses of different
volume fractions. Some traces have been scaled by factors as
indicated to avoid overlaps. The times where hydrogen was
turned on (off) is marked by the dashed lines and the upwards
(downwards) pointing arrows. (b) Zoom-in of I(t) shown in
(a) for the first six minutes. (c) Response to H2 pulses close
to and after current saturation. The traces for 15 ppm and
30 ppm have been offset by −20µA and −10µA, respectively.
positive voltages, such that the Schottky barrier is open
and electroforming causes a current I that increases with
time t, see Fig. 1 (b). I is approximately constant for
V < 2V, corresponding to electric fields ε < 4×105V/m,
for which electroforming is negligible. For V = 10V, I(t)
increases by two orders of magnitude as time proceeds.
A maximum (Imax) is reached after 20 to 90 minutes,
depending on the sweep, followed by a slight decrease.
Pulsed measurements have been used to exclude Joule
heating as a possible origin.[14] While the shape of I(t)
is reproducible, its amplitude varies up to a factor of
100. This indicates that a few filaments with distributed
properties like their cross sectional area or xb are formed
under identical external conditions. Within our model
system composed of just one filament, the increase of
I(t) is caused by the expansion of phase 2 at the expense
of phase 1. Saturation is reached for xb = d. As the
O2− ions keep drifting towards the Pt electrode, phase 3
(small δ) with a low conductivity σ3 < σ2 is formed close
to x = 0. This phase grows in x-direction with time and
causes the current to decrease. [14]
Below the threshold voltage, the current also responds
to H2 as reported previously for similar structures,[11,
12, 21] with a detection threshold of hydrogen volume
fractions c(H2) < 15ppm, see Fig. 1 (c). Regarding the
sensing mechanism, it has been established that H2 splits
catalytically at the Pt film, the H atoms diffuse into the
TiO2−δ [12, 22, 23], form O-H groups with the oxygen
of the host crystal [24, 25] (interstitial hydrogen) in the
bulk or at the surface, and act as donors. [26–28] Adsorp-
tion at the surfaces of the TiO2 pores may play a role as
well,[29] where atomic hydrogen tends to rest preferen-
tially at the top of bridging oxygen atoms.[30]. How-
ever, the diffusion of hydrogen atoms into the subsurface
is significant,[23], and hydrogen diffuses extremely well
into the bulk along the c-axis in rutile.[31] The time con-
stant of the approximately exponential response of I(t) is
2min for c(H2) = 15 ppm and decreases rapidly as c(H2)
is increased. The sensing is mostly reversible, except a
slowly increasing current background, which we attribute
to incomplete hydrogen removal.
In Figs. 2(a) and (b), the response of I(t) to H2 pulses
of 3 min. duration is shown for V = 10V in the interval
where electroforming increases the conductance. In re-
sponse to the first hydrogen pulse, offered at t = 1min.,
I(t) first decreases and then begins to increase. The de-
crease, which is absent for voltages below the electro-
forming threshold, can be larger than one order of mag-
nitude. For c(H2) < 100 ppm, it dominates the overall
behavior and the conventional sensing response is not ob-
served. Only for c(H2) ≥ 100 ppm, a current peak starts
to develop shortly after the decrease. The negative re-
sponse gets faster as c(H2) is increased, while its ampli-
tude shows no clear correlation with c(H2) and fluctuates
among I(t) traces under nominally identical conditions
(not shown). Afterwards, the sample responds to hydro-
gen in the usual way [11, 12, 21] in this time interval.
3Furthermore, for c(H2) ≤ 30 ppm, hydrogen sensing and
electroforming appear approximately as a superposition,
while for larger hydrogen volume fractions, no further in-
crease of I(t) due to electroforming can be observed after
the first two hydrogen pulses. This suggests that expo-
sure to hydrogen accelerates the electroforming.
We proceed by studying the response of I(t) to H2 after
Imax has been reached, i.e. when phase 1 has disap-
peared. Again, an initial decrease of I(t) in response to
the first H2 pulse is observed, which can be very strong
[14] and vanishes rapidly under subsequent H2 pulses.
In addition to the increase of I(t) in response to the H2
pulse, a simultaneous process is active that decreases I(t)
continuously in the presence of hydrogen.[14] This man-
ifests itself in plateaus of I(t) in between the H2 pulses
that form steps towards a smaller current as time pro-
ceeds. While the positive response of I(t) is essentially
reversible, its accelerated decrease is irreversible but can
be reset by our initialization procedure.
This interdependence of hydrogen sensing and electro-
forming is interpreted in terms of an ad hoc - exten-
sion of the single filament model.[3] In each phase j,
the conductivity σj(t) is assumed to be the sum of an
oxygen vacancy - generated component σoj and a phase-
independent component σA(t) = σA(c(H2))× [1−e
−t/τA]
due to hydrogen doping (mechanism A), see the insets in
Fig. 3(a,d). The doping therefore tends to homogenize
ε(x) along the filament, leading to an increase of ε2, the
electric field in phase 2. Since the velocity vb(t) of xb(t)
is determined by ε2, hydrogen doping accelerates xb(t).
Before Imax is reached, the hydrogen doping accelerates
the expansion of phase 2 and with it the increase of I(t).
After Imax has been reached, the doping accelerates the
diminution of phase 2, which gets replaced by the less
conductive phase 3. This process is readily incorporated
in the single filament model [3, 14]. In the simulations,
a filament of 5µm length and an oxygen vacancy drift
mobility of µ(VO) = 10
−15m2/(Vs) are used. In Fig.
3(a), the result of such a calculation is shown for a H2-
induced exponential increase of σ1(t) and σ2(t), with τA
set to 200 s. Both I(t) and vb(t) increase during the hy-
drogen pulse, and I(t) shows good qualitative agreement
with the measured phenomenology. Likewise, I(t) can
be modeled after Imax has been reached, see Fig. 3(b).
Here, after a H2 pulse has finished, I(t) has dropped
below the value it would have reached without hydrogen
exposure, and this difference decreases as phase 3 spreads
out and xb approaches the Ti substrate.
In order to integrate the additional, initial decrease of
I(t) in response to H2 exposure, we postulate a co-
existing mechanism by which atomic hydrogen decreases
the conductivity (mechanism B). A decrease of σ1 and σ3,
i.e., of phases composed of weakly reduced TiO2, in re-
sponse H2 exposure has not been observed up to now and
is not to be expected, considering that interstitial hydro-
gen acts as donor.[25–28] We therefore assign mechanism
B to the strongly reduced phase 2. A microstructural ex-
planation of mechanism B could be related to the work
of Filippone et al. [24], who suggested that a H atom
may form a complex with an oxygen vacancy, with the
effect of localizing one of its two delocalized electrons.
The effect would be a decrease of the electron density
in the conduction band. Furthermore, since the bind-
ing energy of such a hydrogen-oxygen vacancy complex
has been calculated to be 0.49 eV larger than that one of
the oxygen vacancy, [24] this configuration is expected to
be stable, in agreement with the observed irreversibility.
Figs. 3(c) and (d) show that the effects of mechanism
B on I(t) can be reproduced as well within the single
filament model. Here, is is assumed that due to mech-
anism B, only σo2 develops a dependence on c(H2) and
experiences a nonrecurring exponential decrease accord-
ing to σo
2
(t) = σo
2,B(c(H2)) + [σ
o
2
− σo
2,B]e
−t/τB with time
constant τB = 10 s, while σ1 and σ3 remain unaffected.
Different hydrogen concentrations are modeled by differ-
ent final conductivities for all phases.[32]
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FIG. 3: (Color online). (a) Simulation of I(t) and vb(t) in
a filament before I(t) has reached Imax (see the inset for the
equivalent circuit), in response to H2 exposure of volume frac-
tion cγ . (b) Simulation of I(t) and xb(t) as in (a) after Imax
has been reached, shown with (full lines) and without (dashed
lines) hydrogen exposure. (c) Simulation as in (a) for hydro-
gen concentrations cα < cβ < cγ , with mechanism B included.
(d) Simulation of I(t) and vb(t) as in (b) with mechanism B
included. The inset shows the equivalent circuit used in ((b)
and (d). The remaining simulation parameters are given in
32.
As hydrogen is offered, an initial decrease of I is ob-
tained which correlates with an acceleration of xb due to
the additional increase of ε2. A subsequent increase of I
shows that mechanism A starts to dominate again. Here,
vb is larger than before the hydrogen pulse because of the
increase of ε2. After hydrogen is turned off before I(t)
has reached Imax, the current increases more slowly due
to the growth of phase 2 or, depending on the hydrogen
4volume fraction, decreases, in qualitative agreement with
the experimental studies, see Fig. 2(c). After I(t) has
passed Imax, the accelerated expansion of phase 3 dur-
ing H2 exposure causes I(t) to decrease below the value
it would have reached if hydrogen were absent, see Fig.
2(d).
It has been recently established that electroforming leads
to a transformation of TiO2 into the Ti4O7 Magne´li phase
inside filaments, [5] which can be thought of as a local re-
crystallization of reduced TiO2−δ. We therefore conclude
by stressing that the observed behavior is also consistent
with the formation of Magne´li phases TinO2n−1 with inte-
ger n. Let us assume that phase 2 is composed of Ti4O7.
Since it is well established that σ(Ti4O7) ≈ 10
3σ(TiO2),
[6, 33] it will have a larger conductivity than phase 1. Of-
fering hydrogen may reduce Ti4O7 further, i.e., to n=2 or
3, with smaller conductivities than Ti4O7, [6, 33] which
would be an alternative explanation for mechanism B.
To summarize, the coexistence and interdependence of
electroforming and hydrogen incorporation in titanium
dioxide films has been demonstrated. Atmospheric hy-
drogen accelerates the electroforming via doping and a
corresponding redistribution of the electric fields among
the phases characterized by different oxygen deficiencies.
In addition, a rapidly decreasing, nonrecurring and irre-
versible current component in response to hydrogen is ob-
served. It is tentatively attributed to hydrogen - oxygen
vacancy complexes, but can also be understood within a
picture based on Magne´li phases. The measurements can
be reproduced qualitatively by simulations based on the
filament model. It is a task for the future to study the mi-
croscopic origin of these effects, their interplay with other
atmospheric gases like, e.g., oxygen, which is known to be
nontrivial even below the electroforming threshold,[34] as
well as the role of the pore surfaces vs. that one of the
bulk material.
We thank U. Zimmermann for assistance during the
measurements.
† Electronic address: thomas.heinzel@hhu.de
[1] U. Diebold, Surf. Sci. Rep. 48, 53 (2003).
[2] X. Chen and S. S. Mao, Chem. Rev. 107, 2891 (2007).
[3] D. B. Strukov, G. S. Snider, D. R. Stewart, and R. S.
Williams, Nature 453, 80 (2008).
[4] J. J. Yang, M. D. Pickett, X. Li, D. A. A. Ohlberg, D. R.
Stewart, and R. S. Williams, Nature Nanotech. 3, 429
(2008).
[5] D.-H. Kwon, K. M. Kim, J. H. Jang, M. M. Jeon, M. H.
Lee, G. H. Kim, X.-S. Li, G.-S. Park, B. Lee, S. Han,
M. Kim, and C. S. Hwang, Nature Nanotech. 5, 148
(2010).
[6] K. Szot, M. Rogala, W. Speier, Z. Klusek, A. Beshehm,
and R. Waser, Nanotechnology 22, 254001 (2011).
[7] N. Yamamoto, S. Tonomura, T. Matsuoka, and H. Tsub-
omura, Surf. Sci. 92, 400 (1980).
[8] S. A. Akbar and L. B. Younkman, J. Electrochem. Soc.
144, 1750 (1997).
[9] D. H. Kim, Y.-S. Shim, H. G. Moon, H. J. Chang, D. Su,
S. Y. Kim, J.-S. Kim, B. K. Ju, S.-J. Yoon, and H. W.
Jang, J. Phys. Chem. C 117, 17824 (2013).
[10] M. D. Pickett, G. Medeiros-Ribeiro, and R. S. Williams,
Nature Mat. 12, 114 (2013).
[11] O. K. Varghese, D. Gong, M. Paulose, K. G. Ong, and
C. A. Grimes, Sensors and Actuators B 93, 338 (2003).
[12] M. Paulose, O. K. Varghese, G. K. Mor, C. A. Grimes,
and K. G. Ong, Nanotechnology 17, 398 (2006).
[13] M. El-Achhab, A. Erbe, G. Koschek, R. Hamouich, and
K. Schierbaum, Appl. Phys. A 116, 2039 (2014).
[14] See Supplemental Material at [URL will be inserted by
publisher] for details.
[15] S. Wendt, R. Schaub, J. Matthiesen, E. Vestergaard,
E. Wahlstro¨m, M. Rasmussen, P. Thostrup, L. Molina,
E. Laegsgaard, I. Stensgaard, B. Hammer, and F. Be-
senbacher, Surf. Sci. 598, 226 (2005).
[16] J. J. Yang, F. Miao, M. D. Pickett, D. A. A. Ohlberg,
D. R. Stewart, C. N. Lau, and R. S. Williams, Nanotech-
nology 20, 215201 (2009).
[17] P. Knauth and H. L. Tuller, J. Appl. Phys. 85, 897
(1999).
[18] L. A. Harris, J. Electrochem. Soc. 127, 2657 (1980).
[19] S. Lee, J. S. Lee, J.-B. Park, Y. K. Kyoung, M.-J. Lee,
and T. W. Noh, APL Mat. 2, 066103 (2014).
[20] R. Mu¨nstermann, T. Menke, R. Dittmann, and
R. Waser, Adv. Mater. 22, 4819 (2010).
[21] M. Cerchez, H. Langer, M. E. Achhab, T. Heinzel, D. Os-
termann, H. Lu¨der, and D. Ostermann, Appl. Phys. Lett.
103, 033522 (2013).
[22] U. Roland, T. Braunschweig, and F. Roessner, J. Mol.
Catal. A: Chem. 127, 61 (1997).
[23] U. Aschauer and A. Selloni, Phys. Chem. Chem. Phys.
14, 16595 (2012).
[24] F. Filippone, G. Mattioli, P. Alippi, and A. A. Bona-
pasta, Phys. Rev. B 80, 245203 (2009).
[25] T. Bjørheim, S. Stølen, and T. Norby, Phys. Chem.
Chem. Phys. 12, 6817 (2010).
[26] D. A. Panayotov and J. T. Yates, Chem. Phys. Lett. 436,
204 (2007).
[27] P. W. Peacock and J. Robertson, Appl. Phys. Lett. 83,
2025 (2003).
[28] F. Herklotz, E. V. Lavrov, and J. Weber, Phys. Rev. B
83, 235202 (2011).
[29] P. Kowalski, B. Meyer, and D. Marx, Phys. Rev. B 79,
115410 (2009).
[30] M. Islam, M. Calatayud, and G. Pachioni, Phys. Rev. B
115, 6809 (2011).
[31] J. B. Bates, J. C. Wang, and R. A. Robertson, Phys.
Rev. B 19, 4130 (1979).
[32] For (a), τA is also the recovery time after H2 is turned
off. In Figs. 3(b) and (d), τa = 50 s was used. We chose
σo1 = 3.5×10
−12 Sm, σo2 = 6×10
−12 Sm, σo3 = 10
−13 Sm,
σA(cα) = 2.0 × 10
−12 Sm, σA(cβ) = 2.2 × 10
−12 Sm,
σA(cγ) = 2.6 × 10
−12 Sm, σo2,B(cα) = 4.7 × 10
−12 Sm,
σo2,B(cβ) = 4.2 × 10
−12 Sm, and σo2,B(cγ) = 4.1 ×
10−12 Sm.
[33] R. F. Bartholomew and D. R. Frankl, Phys. Rev. 187,
828 (1969).
[34] O¨. Cakabay, M. ElAchhab, and K. Schierbaum, Appl.
Phys. A 118, 1127 (2015).
